The separation of Th, Pa, and U is of high importance in many applications including nuclear power, nuclear waste, environmental and geochemistry, nuclear forensics and nuclear medicine. Diglycolamide (DGA)-based resins have shown the ability to separate many elements, however, these resins consist of non-covalent impregnation of the DGA molecules on the resin backbone resulting in co-elution of the extraction molecule during separation cycles; therefore, limiting their long-term and repeated use. Covalently binding the DGA molecules onto silica is one way to overcome this issue. Herein, measured equilibrium distribution coefficients of normal extraction chromatographic DGA resin and a covalently bound form are reported. Several differences are observed between the two systems, the most significant being observed for uranium, which demonstrated significantly lower sorption behavior on KIT-6-N-DGA. These results indicate that U can effectively be separated from Th and Pa using KIT-6-N-DGA; a task that could not be completed with the use of normal DGA alone.
Introduction
The primordial actinides (Th, U) and their associated decay products (Ac, Pa) have a wide variety of practical applications associated with the dating of environmental and geochemical processes, 1 their ubiquitous application in the nuclear power industry, 2, 3 use as tracers in the field of nuclear forensics 4, 5 and use as target materials and therapeutic agents in nuclear medicine. 6 A common theme among these applications is the need to separate, isolate and purify these elements from a variety of matrices. Methods such as cation-exchange, anionexchange, and liquid-liquid solvent extraction [7] [8] [9] [10] [11] [12] have been investigated for separation, however, with the advent of highly sensitive detection methods and potential applications in medicine, highly efficient, simple and fast separation methodologies are desired. Age dating applications in particular demand high radiochemical yields in the analysis of more complex matrices 13 in order to avoid Pa detection limit increase. Many reported Pa separation methods 14, 15 either rely on a larger acid matrix amounts and a sequence of sorption columns or on the use of organic solvent matrices. Multiple column steps and larger matrix volumes decrease the separation yield of the analyte under investigation. Moreover, larger acid/ organic solvent quantities lead to the generation of larger quantities of problematic mixed wastes. Thus, methods are sought that minimize the separation steps and the volume of the analyte solution. With respect to the production of short-lived radionuclides, fast and efficient separation methods are sought that employ solid state sorption matrices with high radiation resistance. Since short-lived, high specific activity radionuclides often only represent a very small mass of a particular element, procedures for their separation, recovery and purification often borrow from analytical chemistry methodologies.
The uranium isotope 230 U (t 1/2 =20.8 d) is of interest to the medical community for the treatment of cancer and various diseases through targeted alpha therapy (TAT). [16] [17] [18] TAT utilizes the high linear energy transfer (LET) and short range of alpha particles emitted from radionuclides attached to specified biological molecules that selectively bind to and destroy cancer cells while leaving surrounding tissue unperturbed. Uranium-230 is also the parent of the much short-lived radionuclide of 226 Th (t 1/2 =30.6 m), which has potential as a therapy isotope for TAT as well. 17 Uranium-230 can be formed directly through the reactions 231 Pa (p,2n) 230 U 18 21 and the fast neutron induced reaction 231 Pa(n,2n) 230 Pa. 22 Regardless of the production path, a robust separation is required to obtain either a pure Pa or U product.
Apart from the recovery of irradiation products Pa or U, there is further demand for rapid and efficient Pa/U or U/Th separation methods with respect to decay products: Figure generator needs to be available that relies on an efficient Pa/U separation procedure.
Novel extraction chromatographic resins greatly improved the ability to separate actinides. Particular focus has been on diglycolyl amide (DGA, also as diglycolamide) extraction chromatographic resin (N,N,N',N'-tetraoctyl-3-oxapentane-1,5-diamide, 23 demonstrated the utility of covalently binding DGA to porous silica materials and has shown its suitability for the recovery of rare-earth elements. [24] [25] [26] In addition to the benefit of fixing the DGA molecule to the resin, the use of silica is advantageous due to its ability to withstand highly radioactive environments. 27 Compared to 2-D hexagonal pore systems like SBA-15 or MCM-41, the choice of the 3-D cubic KIT-6 silica is motivated by the highly interconnected nature of the pore network of this material, which could reduce the risks of pore blocking and enhance the diffusion of liquids through the system. [28] [29] [30] [31] Little work has been done to investigate the sorption affinity of actinide elements uranium, thorium and protactinium towards covalently bound DGA as compared to DGA solution in the conventional extraction chromatographic form. Herein we report the measurement of equilibrium distribution coefficients (K d ) for both the normal-impregnated (extraction chromatography) resin (referred to as DGA throughout manuscript) and the covalently bound DGA-solid phase (referred to as KIT-6-N-DGA throughout manuscript), using varying concentrations of hydrochloric and nitric acids, which are typically used in the context of actinide separation techniques.
To the best of our knowledge, a systematic sorption behavior of light actinide elements on DGA functionalized silica over a wide matrix concentration range has not been reported as yet. Our work further demonstrates the utility of the short-lived, high specific activity uranium tracer 230 U for analytical studies.
Experimental Section

Materials and Methods
Trace metal grade nitric acid (HNO 3 ) and hydrochloric acid (HCl) were obtained from Fisher Scientific, and all dilutions were performed using 18 MΩ milli-Q water. Extraction chromatographic resin (DGA, normal) was obtained from Eichrom Industries. All chemicals were used without further purification. Radionuclides used in this work were obtained from Oak Ridge National Laboratory and were available as by-products from the proton irradiation of thorium targets for the production of 225 Ac. 16, 32 
Synthesis of KIT-6 Silica
High quality KIT-6 silica was obtained following the procedure reported by Kleitz The resulting solid product was then filtered and dried for 24 h at 100 °C. For template removal, the as-synthesized silica powder was first shortly slurried in ethanol-HCl mixture and the resulting material was subsequently calcined in air at 550 °C.
Synthesis of the Diglycol-2,4-diamido-propyltriethoxysilane (DGA-N) Ligand DGA-
Functionalization of Silica
The KIT-6-N-DGA material was prepared following a modified procedure as reported by Florek et al. 24, 22 First, the DGA derivative of the aminosilane (DGA-N) was prepared as follows: 600 mg (3.51 mmol) of diglycol chloride (Sigma Aldrich, 95%) was dissolved in 15 mL of anhydrous toluene and cooled to 0 °C (ice bath). Then, a mixture of 1.72 mL (1.63 g, 7. 
HPGe Spectrometry
Gamma-ray spectrometry for the distribution coefficients and dynamic column separation studies Relative total source activity uncertainties ranged from 2.6% to 3.3%. Counting dead time was kept below 10%.
Equilibrium Distribution Coefficients
Equilibrium distribution coefficients (K d ) were determined for uranium, protactinium, and thorium using the batch extraction mode. Each condition was run in duplicate. Approximately 
Results and Discussion
After grafting the DGA-disilane on KIT-6 silica, the resulting hybrid material demonstrates a typical type IV isotherm with a steep capillary condensation step and a hysteresis loop (type H1)
in the relative pressure range P/P o of 0.6-0.8, which is characteristic of mesoporous solids with large cylindrical mesopores 35 (> 4 nm) ( Figure 2 ). The physicochemical characteristics of the hybrid sorbent are compiled in Table 1 . The KIT-6-N-DGA sample exhibits relatively high BET 36 specific surface area, 443 m 2 g -1 , and high pore volume, 0.69 cm 3 g -1 . Upon surface modification, the pore width of the synthesized sorbent became smaller (7.1 nm vs 8.1 nm for the pristine KIT-6 silica), while the pore size distribution remained fairly narrow (see Figure 2 inset), in line with our previous reports. 24, 25 This suggests a rather uniform grafting of the ligand over the pore surface of the materials, with no pore blocking/obstruction effects. The integrity of the chemically grafted DGA ligand was verified by solid state 13 C CP/MAS NMR spectroscopy ( Figure 3 ) and the data agree well with the covalent anchoring of the ligand on the surface of silica, as reported previously. 24, 25 Table 1: Physicochemical parameters derived from N 2 physisorption measurements at low temperature (-196°C) and organic content from thermogravimetric analysis (TGA).
Sample
Surface area S BET a (m 2 g -1 )
Pore size NLDFT des a (nm)
Total pore volume a (cm 3 Consequently, steric hindrance is more prominent with UO 2 than with PaO(OH) 2 , and, in turn, PaO(OH) 2 is sterically more hindered than Th 4+ . Pa(V) is rapidly hydrolyzed in water, however, it can be stabilized in the presence of complexing agents so that a Pa(V)-DGA chelate may be formed without steric hindrance. 40, 41 Regarding UO 2 2+ sorption behavior on KIT-6-N-DGA, it would be of interest to study whether adding a polyethylene glycol (PEG) linker between the silica and diglycolamide molecule could lead to an increase of the affinity, since an increase in distance between the DGA moieties allows for more stable complexation of larger acceptor groups. Moreover, the PEG chain would provide additional donor sites for a Lewis acid cation.
The KIT-6-N-DGA sorbent offers additional advantages in radiochemical separations over the classical DGA resin. Silica has been shown to be resistant to radiolysis; potentially allowing higher activities to be processed and repeated use of a KIT-6-N-DGA in an automated chemical processing setting. 27, 42, 43 Furthermore, covalently binding the extraction molecule to the resin reduces the breakdown associated with the coelution of extractant solution and crosscontamination that may occur with repeated use of the noncovalent DGA form.
Conclusions
In this work, we showed that the covalent grafting of the DGA ligand on mesoporous KIT-6 silica affords a porous sorbent which has the potential to separate U from Pa and Th. This has promise for use in targeted alpha therapy applications in the 230 Pa/ 230 U radionuclide generator, especially as high 230 Pa/ 230 U loading activities (several GBq) are concerned. KIT-6-DGA, in which the ligand is being covalently bound to a silica backbone, should be able to withstand higher quantities of radionuclide activities than the conventional DGA extraction chromatography resin as silica appears more resistant to radiolysis. Future work includes dynamic column and loading capacity studies with KIT-6-N-DGA-type resins, and determining the ability of these mesoporous hybrid resins to withstand higher activity loads without sustaining radiolysis. In a future efforts we will also pursue radiation resistance studies of the KIT-6-N-DGA-type resin utilizing column loads of higher actinide radionuclide activities.
